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Figure 1. TGA data for the solid hydrolysis product of the reaction between Ba(02CCMe20H)2 and Ti(O-i-Pr)4 in pyridine showing 
the effects of heating in air (dashed line) versus O2 (continuous line) atmospheres. 
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Figure 3. X-ray powder diffraction data for PbZr0.52Tb.4803, see 
text for details. 

strategy illustrated in Scheme I is successful for the for- 
mation of crystalline, complex integral and nonintegral 
metal oxides at  relatively low temperatures and short re- 
action times. We are currently investigating the formation 
of thin films materials via this approach and the generality 
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of these reactions to prepare other complex metal oxides. 
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Because of their high melting points, hardness, and 

chemical resistance at  high temperatures, metal borides 
and metal nitrides are two of the most important families 
of engineering ceramia3q4 We report in this communi- 
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cation a polymer-based synthetic route by which mono- 
lithic nanophase titanium boride/titanium nitride com- 
posite materials may be produced in both high ceramic and 
high chemical yields by polymer pyrolysis under inert 
atmosphere. 

We have previously reported the preparation of the new 
boron-nitrogen polymer polyborazylene, (B3N3H4)x, and 
shown that this processable polymer can be converted to 
boron nitride in high ceramic and chemical yields 
(90-94%).5 We have also demonstrated a new, potentially 
general route to metal borides, such as TiB2 and ZrBz, 
involving the reduction of the corresponding metal oxide 
with a boron-carbon-based polymer (BloHlz-dinitrile),.6 
Work by Seyferth7 and Greils has likewise shown that 
pyrolysis of preceramic-polymer/metal-powder mixtures 
can be used to generate composite ceramics containing 
metal silicides, carbides, nitrides, or borides. Taken to- 
gether these resuh suggested that the reactions of a metal 
with polyborazylene might lead to incorporation of both 
polymer boron and nitrogen atoms to produce new com- 
posite metal-nitride/metal-boride materials which might 
have improved properties over an individual metal boride 
or nitrideeg Furthermore, since high ceramic and chemical 
yields should be possible with the polyborazylene/metal 
system without employing a reactive pyrolysis atmosphere 
(e.g., ammonia), then the formation of monolithic ceramic 
materials should be enabled. 

Such a titanium boride/ titanium nitride precursor 
system was made by dispersing titanium powder into po- 
lyborazylene. Final ceramic materials were prepared by 
pyrolysis of either powders or shaped green bodies under 
inert atmosphere: 

(B3N3H4)= + Ti A TiN/TiB2 + Hz 

In a typical process, 12.1 g of titanium metal (325 mesh, 
Strem Chemicals) was added to a dry tetrahydrofuran 
solution containing 5.0 g of polyborazylene. The solvent 
was then vacuum evaporated while maintaining ultrasonic 
agitation. The resulting black solid dispersion was ground 
into a fine powder. A 0.78-g sample was then heated under 
argon at 1450 "C for 10 h, resulting in the formation of 0.69 
g of ceramic material, which corresponds to 91.8% ceramic 
and 88.5% chemical yields. Elemental analysis of the 
ceramic corresponds to a composition of 

(TiN)0.57(TiB2)0.25Ti0.1800.1C0.14 mixture.'OJ' 
~ ~ 1 . 0 ~ 0 . 5 0 ~ 0 . 5 7 ~ < 0 . 0 6 ~ 0 , 1 ~ 0 . 1 4  consistent with a 
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Figure 1. XRD spectra of the initial polymer/titanium powdered 
dispersion and bodies treated12 at 800,1OOO, 1200, and 1450 "C. 

Green bodies were made by isostatic pressing of 1-5-g 
samples of polymer/ titanium dispersions at  room tem- 
perature at 75000 psi. The green bodies were then heated'* 
under argon separately at  1000, 1200, and 1450 "C, re- 
sulting in the production of ceramic bodies with ceramic 
yields of 96.0%, 95.5%, and 94.9%, respectively. The final 
ceramic bars showed excellent shape retention. The ce- 
ramic monolith prepared at lo00 "C had a linear shrinkage 
of about 6%. The densities of the ceramic bodies increased 
from 3.0 (1000 "C) to 3.9 (1450 "C) with the increasing 
reaction temperatures. 

A TGA study of the ceramic conversion reaction showed 
weight losses in the ranges 50-300 and 450-800 "C, similar 
to those observed in the conversion of pure polyborazylene 
to boron nitride! At 1350 "C an additional weight loss was 
obeerved which, consistent with an observed decrease in 
the oxygen content of materials treated above this tem- 
perature,'O is probably due to evaporation of Bz03 pro- 
duced by the reduction of titanium oxide impurities by 
boron. 

X-ray diffraction studies of the ceramic conversion re- 
action have shown that the product exhibits variations in 
composition and crystallinity as the processing tempera- 
ture and/or time is increased. Thus, as can be seen in 
Figure 1, there appears to be little reaction between the 
polymer and the titanium metal when the sample was 
heated at 800 "C for 9.5 h. Consistent with this conclusion, 
elemental analyses of a sample at  this point showed that 
the material still had a significant hydrogen contentlo with 
the observed B1.03:N1.0:H0.79 ratio suggesting that polymer 
cross-linking was still occurring. When the sample was 
heated at  1000 "C for 2 h, the titanium metal was com- 
pletely consumed by reaction with the polymer and crys- 
talline titanium nitride was initially observed to form. The 

(12) The green bodies were first annealed at 800 O C  for 9.5 h, then 
heated (5 "C/min) separately to 1O00, 1200, or 1450 "C and held at 
temperature for 2 h. 
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yields. The dependence of the crystal size and ita distri- 
bution on the reaction/sinter temperature, the evolution 
of mi" and the properties of the final composite 
material, such as conductivity and hardness are currently 
under investigation. We are also exploring the reactions 
of polyborazylene with other metals and soluble metal 
complexea with the goal of developing a range of new metal 
boride/nitride precursor systems that will allow the for- 

- -a 

, 

I ). 
b 1 mation of both shaped bodies and coatings. 

6 

Figure 2. TEM of ceramic body treated at 1450 "C. 

formation of crystalline TB2 was observed only upon 
heating of samples for either longer times (lo00 "C, 3 days) 
or at  higher temperatures (1200 "C, 1 h). The spectrum 
shown in the figure obtained from the sample annealed 
at  1200 "C for 2 h clearly indicates the presence of both 
crystalline T;B and TiN. The decrease in the linewidths 
in the spectrum of the 1450 "C sample is consistent with 
an increase in the average crystal size.13 SEM studies of 
bodies prepared at  800,1000,1200, and 1450 O C  also in- 
dicate a change in morphology after 10oO "C suggesting 
the onset of reaction. 

Consistent with the above results, TEM analysis of the 
compact annealed at 800 "C for 9.5 h shows the presence 
of 20-1Wnm spherical crystals embedded in an amorp- 
hous matrix. These crystals could be either unreacted 
titanium metal or nucleated titanium nitride. For the 
ceramic compact annealed at  1200 O C , l 2  TEM shows an- 
gular grains on the order of 50-100 nm which have two 
contrast levels. While it is tempting to assign these con- 
trast levels to the two phases detected by X-ray diffraction, 
electron diffraction was impossible due to the size of the 
crystals. In agreement with the XRD study, the TEM of 
the 1450 "C sample presented in Figure 2, shows that two 
types of grains are still evident but that they have in- 
creased in size. There is some indication of a residual 
amorphous phase in both the images and electron dif- 
fraction patterns. 

The preparations of T&/TiN and -/Ti(CN) com- 
posite materials by sintering TiB2 and TiN or TiCN 
powders at high temperatures have previously been re- 
ported." Seyferth has also reported that a crystalline 
TZLJlW powder composite can be made by the pyrolysis 
of [Bl$ldiamine], polymer/Ti under NH3 atmosphere? 
TiB2/TiN composite coatings have also been achieved by 
CVD methods.15 The polyborazylene-based route dis- 
cussed herein is unique, however, in that it is the only 
reported direct chemical method which can be used to 
produce monolithic titanium boride/nitride composites, 

on the order of nanometers, in high ceramic and chemical 
consisting of intimately mixed polycrystals with grain sizes 
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The second-order nonlinear optical (NLO) properties 
of polymeric materials have been attracting a lot of at- 
t en t i~n , l -~~ especially for such potential applications aa fast 
waveguide electmoptic modulation and frequency-doubling 
devices. The ultimate applicability of polymeric materials 
for second-order nonlinear optics may depend upon the 
ability to produce polymers w h m  orientation has suffi- 
cient stability for incorporation into practical devices! To 
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